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Preface

A prototype On-Board Oxygen Generator system has been built and

tested at the Air Force School of ALrospace Medicine. However, the

oxygen generator must be controlled to generate a breathing product

compatible with aircrew physiological requirements. This repnrt

describes a digital control system which is bclicvcd capable of

controlling the gen-rator under all anticipated conditions of use.

At the time of this writing, the control system has met all require-

ments as specified by personnel Pt the School of Aerospace Medicine.

I would .ike to thank those pecple who contributed to the success

of this thesis. They include the following: Major Borky, my thesis

advisor; the entire staff of the Electrical Engineering Department

teciiniciiýns; Sharon Gabriel anid ny wife for typino this thesis. I

would also like to thank my wife, Fran, for her continued support

throughout my AFIT tour.

Thomas C. Horch
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Abstract

A prototype on-board oxygen generation system (OBOGS) is being

tested by the USAF School of Aerospace Medicine (SAM). The OBOGS is

a candidate to replace present liquid oxygen systems for aircrew

consumption on manned aircraft. The OBOGS passes outside air through

a molecular sieve to produce an oxygen enriched breathing product.

Oxygen concentration of the OBOGS's output is controlled by a purge

orifice valve. The SAM envisions using a digital system to control

the OBOGS.

A digital control system for the OBOGS was developed and consists

of a stepper motor, microprocessor, system sensors, support circuitry,

and software. The control system software is a collection of

instructions which allow the MPU to read data from sensors, to

interpret that data, and to issue system hardware control signals.

System software was fairly complex as methods were employed to

compensate for the OBOGS's lengthy response time. This was accomplished

by using a segmented table. If motor drive is anticipated to be

time-consuming, a software routine is used to preposition the motor

to a predetermined location within the segmented table, This position

is updated when more accurate information is available.

A prototype system was constructed and tested in the laboratory.

The control system successfully controlled the stepper motor.

vi



DIGITAL CONTROL SYSTEM FOR

AN ON-BOARD OXYGEN GENERATOR

I. Introduction

Background

A molecular sieve oxygen generator (M,1SOG) is being developed

by the USAF School of Aerospace Medicine (SAM). The MSOG will be

utilized as an on-board oxygen generation system (OBOGS) to replace

liquid oxygen (LOX) breathing systems in manned aircraft (Ref 11:1).

Although the LOX system has historically been reliable, LOX is

expensive and difficulties in handling LOX increase aircraft turn-

around time. An OBOGS used filtered atmospheric air and produces

an oxygen enriched product for aircrew breathing (Ref 11:1).

Therefore, the OBOGS will eliminate costly liquid oxygen and the

handling problems associated with LOX systems. In addition, the

OBOGS filters most contaminants, including chemical warfare agents,

which makes the OBOGS an extremely attractive alternative to LOX

systems (Ref 11:1).

To be successful, the OBOGS must generate a breathing product

compatible with aircrew physiological requirements. Human oxygen

requirements are well known and are a function of atmospheric

pressure altitude. At sea level, normal air with 20 percent oxygen

at 1 atmosphere pressure is sufficient for aircrew consumption. As

cabin altitude increases to 32,000 feet, oxygen concentration

requirements increase nonlinearly to 100 percent oxygen (unpressurized).
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Above 32,000 feet, 100 percent oxygen is required at pressures

above 1 atmosphere.

The OBOGS produces an oxygen enriched, pressurized product

which can be regulated with a conventional aircraft pressure regulator.

Therefore, the physiological breathing gas pressure requirements of

the OBOGS are controllable with standard pressure regulators. Oxygen

concentration of the OBOGS's output can be controlled with a purge

orifice valve (Ref 11:4). Experimental results indicate that the

OBOGS's pressurized oxygen concentration output can be controlled

from 20 percent to 95 percent (Ref 11:4). The aerospace medical

community at Brooks Air Force Base is currently trying to verify that

a 95 percent oxygen concentration is adequate in lieu of 100 percent

oxygen (Ref 4).

Consequently, success of the OBOGS depends upon the ability to

accurately position the OBOGS's purge orifice valve. However,

positioning the valve is not a simple linear function of cabin altitude.

Instead, oxygen concentration of the OBOGS's output is dependent upon

the volume of breathing gas required for crew consumption (Ref 11:4).

This volume is a function of the number of crew members and their

individual requirements. Individual requirements vary with health,

physical activity and state of excitement. These considerations must

be used to formulate a control strategy.

An optimum method of OG0GS control is to determine the oxygen

concentration requirements as a function of cabin altitude and then

measure the actual oxygen concentration of the OBOGS's output. Next,

an electl-onic system could compare these values and adjust the purge

orifice valve accordingly (Ref 7). This method formed the basis

2



in this thesis effort for constructing an OBOGS control system.

Problem Statement

The purpose of this thesis is to determine if a digital electronic

control system is viable for OBOGS (Ref 7). The major components of

the control system consist of a stepper motor to position the purge

orifice valve, an oxygen sensor, an altitude transducer, and a

microprocessor unit (MPU) (Ref 7). The MPU's inputs, oxygen concen-

tration and cabin altitude, are used to calculate the proper commands

for the stepper motor.

It should be noted that a solid-state oxygen sensor is currently

being developed for the OBOGS. Response of this sensor is expected

to be very non-linear, and its time response may be 10 seconds or

more (Ref 4). Therefore, the control system must be designed to

compensate for the oxygen sensor's performance. Even though exact

performance characteristics of the oxygen sensor are presently

unknown, it is believed that maximum flexibility can be incorporated

in the control system by using the following system concept.

System Concept

The proposed OBOGS digital control system is shown in Figure 1.

Tile MPI is programmed to perform a sequence of steps. The programmed

steps are stored in an erasable prograinnable read-only memory (EPROM)

integrated circuit. Power-on reset causes the MPU to fetch the

instruction stored at address 000, and the remaining instructions are

then executed sequentially. The MPL) is programmed to accept an input

from each of the sensors via an analog to digital (A/D) converter

3
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an, to store these vwlues in internal .1PW re.iste'rs. The altitude

trainsducer inpu'Lt, siP!ulated in the prototype by D potentioicter, is

used as an entering airgunment in a software table to look-up the

requi red phy, iolc(sical o-Xygcn concentration. Siiiilarly, the oxygen

sensor input, also si!iiulatcd by a potentiomrter, is used to look-up

the actual oxygen concentration in a table obtained from calibration

neasurements of thei oxygeyn sensor's response. T1,2 delay potentiometer

settirng ;s also read by the IMPU. These values are used as follows.

The MIN1 uses the derived table values to calculate the appropriate

drive for the stepper wnLor. The direction of rotation is dctermined

by comparing the desired oxygen concontration with the actual oxygen

concentration. The outcc:1,e of this comparison is used to establish

the rotation input signal for the stepper motor drive circuit. At

this point, a program, could have becon ;written to increment the stepper

motor. The progrim could then jump back to the beginning arid form a

continuous loop. However, such a program would not compensate for

the OGOGS's response time.

The following items are incorporated to compensate for the slow

system response time. The delay potentiometer is used to limit the

MPU's rate of issuing step commands to the motor. This potentiometer

is preset to a value which yields a controller cycle time equal to

the OBOGS's response time. The OBOGS's response time is the time

required for oxygen to travel through the ODOGS's plumbing and to be

measured by the o;.ygen sensor after the purge orifice valve has been

repositioned. The delay potentiometer is necessary to prevent the

motor from oscillating about a desired position. However, the delay

5



pr)tenti(,:,ter can present a severe shcrtcen.ing. If the system response

time is loing (it is expected to be over 10 seconds), and if a rapid

change in oxygen concentration requirement occurs (for example, rapid

decemprcssior,), the tiOe required to drive the ,wotor to the new

position could be beyond the aviator's consciousness limit. To solve

this dilc,;;,ia, a series of steps are incorporated in the program.

This thesis descrihes an active algorithm involving corse and

fine adjustments to rcduce the control system's response time. This

concept involves scq::nenting the oxygen demand schedule in 5 percent

steps as shown in Figure 2. Note that the oxygen schedule for this

prototype sys,em uses a piecewise linear model and does rot include

upper or lower bounds. Each of the 16 steps has a corresponding

register reservved in 1he MPU. These registers are callMd segmented

registers and contain numbers called segmented values. Another

register, the motor po•,;tion counter, will contain a number that

corresponds to one of 256 possible motor positions. Each time the

motor is stopricd, the motor position counter will bc incremented or

decremented, depending upon the direction of motor rotation. These

software features allow the active control system Lo be completed.

Power-on reset will initialize the segmented registers with

estimates of the motor position count for each oxygen segment.

Furthermore, power-on reset drives the motor to the fully open

position as determined by a mechanical limit switch. The motor

position counter will then be initialized. After system sensors are

read, the direction of rotation is determined as previously explained.

A software test is then made to determine if actual oxygen concentra-

tion differs from the desired concentration by more than 5 percent.

6



100

95

90-

85

60-

775

U S470°

65-
0

r60-

U 55

8f
z 50

Oxygen

X 45 Segments
0

40-

35

30-

25

20-

0 5 10 15 20 25 30 35

CABIN ALTITUDE (Thousand Feet)

Figure 2. Segmented PhyzJological Oxygen Schedule (Ref 7).

7l

__________in__ I .....- I



If so, the motor is driven at the maximum rate to the segmented

position/value of the corresponding desired oxygen demand curve

segment. The softwaire then jumps to the end of the initialization

routine and the entire process is continuously repeated.

If the differencc between actual and desired concentration is

less than or equal to 5 percent, the motor is incremented by one

step. Each time the motor is stepped, the wotor position counter

is appropriately adjusted. The software will then jump to the end

of the initialization routine and the process is repeated. Another

feature of the active control system is the update feature.

The update feature is used to keep segmented values accurate.

If the desired concentration equals the actual concentr;jtion, the

present motor position count is placed in the current segment of

operation. With this concept, the oxygen concentration should never

be more than 5 percent in error.

Summary of Results

The above hardware components and software concepts were

integrated in the laboratory, and a prototype system was fabricated.

Actual hardware components of a flight-testable prototype and a

stepper motor were used. As requested by the SAM, potentiometers

were used to simulate OBOGS sensor outputs.

Until an actual oxygen sensor is acquired, the system cannot

be completely tested in an actual environment. Therefore, the

system was tested in a laboratory environment. A set of digital

displays was used to verify system operation. The displays indicate



altitudc and oxygen poLentiomiter settings in a digital format. The

digital displays and potentiometer sensors allow system performance

to be verifled.

Each pr:rt of the system's software w..as individually tested by

careful manipulation of the potentiometers. By comparing stepper

motor response with the digital displays, system perform(,nce is

ascertainable. The systen perfor;ns as desired.

Overview

The rermainder of this thesis contains a more detailed explanation

of the OBOGS's control system. Chapter II discusses how an OBOGS

generates oxygen and the requirements for a control system. The

procedure used to design the control system is also discussed.

Chapter III describes how hardware components and software procedures

are integrated to form the control system. Chapter IV describes

the results of the project and discusses the performance of the

OBOGS's control system. Chapter V presents recorendations for a

finalized, flyable control system and contains concluding remarks.
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II. Dlesiqn Procopriire

Before any control system can be designed, the system to be

controlled must be thoroughly understood. Therefore, this chapter

contains an explanation of how the ODOGS generates oxygen. Next, a

list of requirements as specified by thc SAM is presented. With an

understanding of the above Lopics, design of the control systemn can

begin. The last part of this chapter discusses the procedure used

to design the OBO3S's control system.

OBOCS' 0 ceral ion

The functional diagram shown in Figure 3 will aid in a study of

the OBOGS. Jet engine bleed air is used for the OBOGS air supply.

A filter is used to eliminate dust, smoke, chemical warfare agents,

and other contaminants. The filtered air is routed to a regulator

providing a constant pressurized air supply for the molecular sieve

bed. A regulator at this stage is used to reduce the pressure

fluctuation in the bleed air supply, because the OBOGS requires a

constant input pressure. The filtered air is routed from the

regulator to a control valve (Ref 11:2).

The control valve is designed to alternate the air flow through

the bPds as follows. In one cycle, the air flows through the lower

bed to the purge orifice and plenum, flows through the upper bed,

and is then exhausted to the atmosphere. In the other cycle, air

flows through the upper bed to the purge orifice and plenum, flows

through the lower bed, and is then exhausted to the atmosphere. The

physical properties of the molecular sieve bed require this cyclic air

flow.

10
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Figure 3. Functional Diagram of the OBOGS (Ref 11:3)

The properties of the molec:'lhr sieve bed allow oxygen to be

extracted from air. A moleculkr bed is a chamber filled with

aluminosilic~te compoutids called zeolites (Ref 11:4). Zeolites

have a vetr,, uniform porous structure with pore sizes in the molecular

range of oxygen, argon, and nitrogen. As air passes through the

bed, zeolites preferentially absorb molecules because of wedk

Van dcr Waals forces. Large nitrogen molecules are absorbed and

held longer than the smaller oxygen or argon molecules. Molecules

of hydrogen, helium, and ncon are so small that they migrate through

the bed without significant absorption. As a wavefront of air

passes through the bed, the wavefront separates into groupings of

like molecules. Figure 4 shows the grouping of molecules after

passing through this bed. The first molecules to appear at the

output of the bed are hydrogen, helium, and neon. The molecules

of argon and oxygen follow the first group of molecules. Nitrogen

is the last type of i'olecule to appear at the bed's output (Ref 11:4).
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Figure 4. Idealized Air Separation of M~olecules
in the rMolecular Bed (Ref 11:3)

Now the OBOGS is controlled to produce the desired concentration

of oxygen.

Control of the OBOGS is accomplished with the control valve

and purge orifice. If only one molecular sieve bed were to be used

in a continuous mode, it would saturate with nitrogen and be incapable

of further separation of gaseous molecules. Therefore, before

saturation occurs the control valve is used to reverse the flow

in the two beds. When a bed experiences a reverse flow, pressure

in the bed is slightly decreased due to its new functional proximity

to the purge-exhaust port. The pressure reduction during a back-

( flush is great enough to overcome the Van der Waals forces that

I)I



attv,,ct nitrogen. This release, nitrogen iro(m the bed. Nitrogen

is then purged to the aiuosphere, and the bed is able to reabsorb

nitrogen when the cycle reverses. Further control of the OBOGS is

accomplished by the purge orifice.

The purge orifice adjusts the rate of gas flow through the

molecular bed. Proper adjustmcnt of the purge orifice will allow

a desired oxygen concentration to be generzted. Wfhen the purge

ur-ifiLe is Lvnpietely closed, the rate of flow through the bed is

a minimum. At this winimum rate, the control valve reverses flow

in the bed before nitrogen is releused. Therefore, the maximum

concentration of oxygen is obtained. When the purge orifice is

completely open, more gas from the orifice manifold is allowed to

escape to the atmosphere through the purge exhaust. Therefore, flow

through the molecular bed is maximized. At. the maximum rate,

nitrogen is released from the bed before the control valve reverses

flow. In this condition, a minimum oxygen concentration is generated.

The purge orifice can vary the oxygen concentration in the purge

manifold from 20 percent (normal air) to 95 percent (with the

remaining 5 percent being argon) (Ref 11:4). The oxygen enriched

gas in t;,e purge manifold is extracted to produce an output from

the OBOGS.

The check valves allow oxygen enriched gas to be extracted from

the purge manifold. The cherk valves act as one way valves allowing

gas to pass from the manifold to the plenun:. A plenum holding tank

is provided to keep back pressure on the check valves. Therefore,

the check valves open only when pressure in, the orifice manifold is

13



greater than pressuruL in the plenum. Boyond the pleiniu, a regulator

reduces pressure to a level acceptable for aircrew consumption.

Air flow cycle frequency in the OBOGS's beds is deteýrmined by

the control valve's, cyclic rate of operation. This rate has been

optimized by the SAM and will not be altered. Thercfore, adjustment

of the OGOGS's output is controlled strictly by the purge orifice

valve. The control system must adjust the purge orifice valve as

specified by the SAM.

Sysstem Rleauirements

The School of Aerospace Medicine has r^esented several require-

ments for the OBOGS's control system. Those system requirements

will be presented from a top-down, designer's viewpoint.

The overall system requirement is to design a control system

capable of producing oxygen concentrations as specified by the

physiological breathing schedule (Ref 7). The piecewise oxygen

schedule, as presented in Chapter I (Figure 2), is to be used for

the prototype model.

A more detailed requirement is to ensure that the physiological

schedule be continuously maintained on a real-time basis (Ref 7).

This requirement suggests that the control system response time

should be held to a minimum. More specifically, the System should

not contribute to reducing the time of useful consciousness. Since

the time of useful consciousness varies from about three minutes at

10,000 feet to less than 15 seconds at higher altitudes, a one second

or less response time appears to be an adequate goal. The controller

14



should also i nintain oxygen concentra tion within 5 perceIt oF

the desired oxygci concentration schcdule (Pef 4).

Another requirement is to construct the system using digital

conponents. It is also desirable to construct a syston which allows

future modifications to be added without complete redesign. Therefore,

a progranvnable, microprocessor-based system is preferred (Refs 4, 7).

The SAMI has also specified that system senscrs are to consist

of an altitude transducer end an oxygen concentration sensor. Rather

than using accual sensors, potentiometers are used to simulate

sensor response in the prototype systemi]. Potentiometers allow the

system to be tested in a laboratory environment in lieu of using

altitude chambers. Also, the oxygen seŽnsor has not been acquired;

therefore, a substitute was mandatory,

Since an oxygen sensor has not been acquired, the system must

be flexible enough to compensate for a range of possible sensor

responses. P,-eliininary findings indicate that the oxygen sensor

will have an extremely non-linear response. Also, the combined

response time of the OBOGS and oxygen sensor may be in excess of

10 seconds (Ref 4). Therefore, the control system must compensate

for these oxygen sensor shortcomings.

Design Implementation

The procedure used to design the OBOG's control system was

to match hardware comoonents with software capabilities to meet

system requirements. This section explains how hard,.are components

were selected to implement the system. Chapter III discusses

system hardware specifics as well as system software.

15



Th.? design procedure discussed below is not intended to be a

complete or detailcJ explanation describing every available alterna-

tive. The goLl of this procedure was not to select the absolutely

best choice of syste;a components based upon exhaustive design criteria.

Instead, the goal of this project was to demonstrate whether or not

a digital control system is viable for the OBOGS. Therefore, more

attention was given to producing a working prototype than to selecting

optimum components. An effort v.as made to use reliable components

of minirum cost and to minimize the number of components in the system.

Since adjustment of the OBOGS's oxygen conentration is acco.:•plished

with the purge orifice valve, a stepper motor was chosen for valve

positioning. Stepper motors are ideal for valve control, and a

variety of stepper motors are commercially available (Ref 3:73).

Stepper motors appear advantageous over other types of valve

control hardware for several reasons. Incremental steps are small

enough to achieve sufficient accuracy in positioning the valve.

Also, strong iolding torques keep the rotor stationary when rotation

is not desired. While control of stepper motors is difficult with

analog electronics, motor control is economically feasible with

digital electronics (Ref 9:163). An optimum method of motor control

is to use an IC stepper motor driver. This single chip generates

the step sequence necessary for motor control and reduces the number

of electronic components in the system. With the stepper motor

driver, only two control signal ioputs, rotation and trigger (R, T),

are required for motor control.

16
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Another systcem requirc-ilent V'as to use a microprocessor-based

system. This requirement stems from the desired capability of being

able to chdnge upcar;-ting characteristics without having to completely

redesign the s,ystem. Therefore, a program:aahle systemn is required.

Standa:rd architectures for programnmable digital systems include a

central processor unit with external momory and complex support

circuitry. A preliminary estimate of OBOGS's control system software

indicated that less than 1 K wards would be necessary for memory

requiremiients. Since some MPU'z contain internal memory, it is

possible to construct a system using a single chip NPU with on-board

memory. Therefore, a programmable system is best achieved with a

MPU-based system. The MPU is capable of driving the motor according

to any progrannable procedure. Since d MiPU oper.tes at high speeds,

control system response of one second or less can easily be obtained.

MPU's are also available w,,ith 1 K word internal memories which permit

the use of complex control algorithms that can compensate for non-

linear sensor response and for the OBOGS's slow response time. The

next task is to find a suitable MPU for this system.

When selecting a MPU to accomplish a task, several items must

be considered. The NPU must contain an adequate instruction set

and must execute instructions fast enough to accomplish the desired

task. Also, the MPU must have an optimum word size architecture.

MPU's are commercially available in 4, 8, and 16 bit word architec-

tures. Larger size words provide higher bit resolution, but reduce

the number of words available in a limited memory space. An 8 bit

word provides a resolution of one part in 28 parts, or 0.39 percent

17



-,ccuracy. The 4 l[it word gives 0.25 percent accuracy, and the

16 bit word (lives 0.00153 percent accuracy. Since an overall system

accuracy o(f less than 5 percent is desired, the 8 bit architecture
is an optim;uw choice.

Of the vi,,ny microprocessors available, Intel 's 8035 MPU was

selected for the prototyple system. The 8035 is commercially available

and is representative of other 8 bit MPU's. The 8035 operatc~s from

a single 5 V supply, contains over 90 instructions, and is readily

available in military temperature versions (Ref 6:G-19). There are

27 available input/output (I/O) lines, including two software

testable inputs in the 6035. This large number of I/O lines helps

minimize the system's chip count.

A variety of memories are available in the 8035 family (called

the MCS-48 fa'miily) which allow the designer to build a system using

exter-al rand'im access mei;-ories (RA:-I), to breadboard a systex, using

external or internal EPRO1, and to use internal read-only memory

(R01l) for production versions (Ref 5:1-2). For example, the 8048

MPU has a I K word x 8 bit internal ROM memory with a 64 word x 8 bit

RAM scratchpad memory (Ref 5:1-3). The 8048 is pin compatible with

the 8035, and the on-board memory is large enough for this system's

software requirements. This capability reduces development cost,

minimizes production costs, and reduces chip count. The 8035's

internal data scratchpad memory eliminates external data memory and

further reduces chip count.

An initial control system was built using an 8035 MPU with

external RAM. Programs were stored in external RAM and executed18 I,

18.



using Intel's 804, Control Cn:,puter (CC). The 80048 CC allows keyboard

input to RAM with editing and debugging facilities (Ref 6). Also,

the 8018 CC pcrmits user access to the 8039 I/O lines. After the

initial system wis completed using RATM, the prototype system was

completed using an, 8035 M.PU and EPR011. A single chip MIPU and lji-.mory

can be built (as discussed in Chapter V) which will further reduce

system complexity.

The last major ,ture is to incorporcte an input capability.

Inputs to a V.PU require a digital format even though systeia sensors

produce enalog voltage outpLts. Therefore, an analog to digital

(A/D) converter is a necessary interfacing component. Of the man-

available eight bit A/D converters, the National Semiconductor AUC 816

Single Chip Data Acquisition Systen was chosen. The 816

has 16 multiplexed input channels available with start and end of

conversion control signals. The 816 is also significantly less

expensive than other A/D converters.

Two other optional features were added to the control system.

These features were not required by the SAM, but seem to be necessary

from a system's viewpoint. To allow infliqht monitoring of system

performance, two sets of digital displays were provided. One display

shows the desired oxygen schedule concentration (G - 99 percent), and

the other display shows actual oxygen conce!ntration (0 - 99 percent).

The other optionai feature wan an emergency sw;tch. When

activated, the emergency switch drives the motor to the fully clc,sed

position, and the OBOGS gernerates maximum oxygen concentrations.

This feature bypasses system sensors, the A/D converter, and the MPU.
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Only the motor, IC driver and a few suppurt chips are necessary for

emergctncy switch operation. Thus, the emergency switch provides a

back-up capability in the event of an inflight failure of the MPHJ,

EPROI•, A/D converter or systcm sensors.

This chapter has described the function of the OBOGS and presented

the SAM's requirements for tile digital control systen and rationale

for selection of the major cc:ý:ponents used in the control system.

However, to completely understand control system opcration, a more

detailed L.planationI is necessary. The fcllowing chapter will describe

how individual components operate, ind it will discuss how the HPU

is program,'med to control system components.

20
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II. Specifics of the Control System

This chapter describes operating characteristics of the major

compori, nts used in the control system. lhen a layout of control

lines and data paths is presented. Finally, the control system soft-

ware is discussed.

Hardwire

Major componerts discussed in this section include the stepper

motor, its IC driver, a discrete transistor interface circuit, the

MPU, the analog to digital converter, the digital displays, the

limit switches, and the emergency switch. A presentation of these

components is included for those readers whi. may be unfamiliar with

these topics.

Stepper Motor and IC Driver. Unlike conventional motors, stepper

motors have the ability to rotate in increments. These units, called

steps, vary from motor to motor and have a typical range of I to

30* (Ref 10:36). Thus, a 1° step-angle motor could stop at any of

360 positions ir a single revolution. Stepper motors can also run

continuously in a clockwise (CW) or counterclockwise (CCW) direction.

Stepping properties are possible due to the gearlike teeth around the

periphery of the rotor (Figure 5). The magnetized rotor has an

alternating north-south polarity on the gear teeth. The polarity

on the rotor teeth creates torque on the rotor causing the rotor to

align itself with the stator poles (Ref 2:94). The torque produced

is a result of the magnetic principle in which like poles repel and
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Figure 5. Stepper Motor Rotor and Stator
Tooth Configuration (Ref 7:6)

unlike poles attract. In stepper motors, the stator poles are

individually wire wound and individually controlled. The direction

of current flow in a stator coil determines. its magnetic polarity.

Therefore, the direction of current flow in each stator pole will

credte CW or CCW rotor movement (Ref 14:5-7).

Figure 6 shows a functional diagram of a four pole, DC stepper

motor. A four pole stepper motor requires two switches to control

stepping action. In the number 1 step position, switch 1 is set

to terminal 1, and switch 2 is set to terminal 5. If the switches

are moved simultaneously to the second step position, the stepper

motor will rotate one step CW. This process is repeated for each
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Figure 6. Four Pole DC Stepper Motor
and Step Sequence (Ref 2:94).

CW step. A clockwise step sequence is ý, 2, 3, 4, 1, 2, 3, 4, and

so on. To reverse direction for a CCW rotation, a reverse step

sequence of 4, 3, 2, 1, 4, 3, 2, 1, and so on is used (Ref 13:42).

The motor's step rate is determined by the ;witching rate which can

vary from a slow rate (one step per hur) to the motor's maximum

run rate (typically several hundred RPM). Control of the stepper

motor is functionally divided into two parts. A switching sequence

must be generated for CW and CCW rotation, and the rate of switching

must be controlled to adjust to motor speed (Ref 8:216).

Recent innovations allow the switch.ing sequence to be generated

by using digital techniques (Ref 9:163). In the present system, a

North American Pnillips Controls Corporation SAA1027 IC Driver is

used to generate the switching sequence. This device (Figure 7)
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Figure 7. IC Stepper Irotor Driver (Ref l:Ci[1822)

requirr-s only two inputs (Ref 1). The rotation input (R) deternines

the CU, or CCW direction of motor drive. The trigger input (T)

determir, .1 the repetition rate of the switching sequznce and ultimately

governs motor step rate. The set input (S) is provided to initialize

the switching sequence to motor step number one. This input is not

used in the OBOGS's control system. Four outputs of the IC controller

(driver) are connccted to the stepper motor stator poles as shown in

Figure 7. This single device reduces the amount of electronics needed

to control the stepper motor. The stepper motor and IC driver

operate on a 12 VDC supply voltage. Therefore, a 12 VOC supply is

necessary for this system in addition to a 5 VDC supply for the other

digital components. The IC driver R and T binary inputs require a

0 to 4.5 V input for the low logic level and a 7.5 to 12 V input for

the high logic level. However, the MPL us,_,s 0 V or 5 V for the low

and high voltage logic levels. Therefore, an interface is used

between the MIPU and IC driver.
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Figure 8. Transistor Interface

Transistor Interface. The transistor interface amplifies the

output of the MPU's high voltage level of 5 V to approximately 12 V

to meet IC driver requirements. Two circuits are used, one for the

R signal and one for the T signal (Figure 8). This circuit is

inverting, so the MPU must be prograiimied for appropriate logic levels.

As the IC driver is controlled by the MPU, a discussion of the MPU

is presented next.

Microprocessor. The MPU used in this system is the Intel 8035

shown functionally in Figure 9. Memory will be programmied with a

set of event-related instructions. A complete discussion of system

software is found later in this chapter. In general, instructions

are available to read information from sensors, interpret that

information, and to issue convnands to peripheral equipment. There-

fore, the sensor readings as decoded by the A/D, IC driver, and

control lines must be connected to the MPU's input/output lines.

Also, control lines are necessary for the A/D converter, memory, and

( digital readouts.

4
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Figure 9. IntelU's 8048 Micorocessor (Ref 5:6-19)

Resources of the 8035 include two eight bit, bi-directional

ports which can be used for input or output and an eight bit, bi-

directional bus which is used for the memory (Ref 5:2-4). The MPU

also has a clock input, two testable inputs, and a reset input

(Ref 5:2-5).

Allocation of the MPU's resources is as follows. The eight

lines of port 1 are used to read sensor data from the A/D and to

send data to the digital readouts. The eight lines of port 2 are

designated as outputs and are used to control the stepper motor IC

driver, A/D converter, and digital displays. The two test inputs

are connected to limit switches which are driven by the stepper

motor and are used to signal the MPU that the purge valve is fully

open or closed. The reset switch is connccted to the system's

5 VRC power supply. When pw0er is turned on, the MPU will reset

its program counter and begin executing instructions starting with

address 000.

26
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External EPROM memory is connected to the 8035 with an address

latch and several control lines (Ref 6). Two 74174 latches are used

to hold an address for the EPROM. In a memory fetdi instruction,

the program counter is output to the bus and to the lower half of

port 2 (Ref 5:3-1). Address latch enable (ALE) from the MPU is

used to signal the latch that the address is valid and the address

is held in the latch. The EPROM1 is then given a program store

enable (PSE) command from the MPU. The PSE coui~mand causes the

EPROM' to output memory contents to the MPU via the bus (Ref 5:3-i)

Since 12 address lines are required for memory fetches, an

8243 I/O port expander is necessary. This expander is software

controllable and allows the lower half of port 2 to be expanded

(Ref 5:3-6). With the 8243, the first four lines of port 2 are

used as a data bus during memory fetch operations and are used as

programied 1/0 during other MPU operations. When port 2 is used to

control the A/D or decimal readouts, the first four lines are

routed through port 4 of the 8243. This arrangement is shown in

Figure 10. A 3.0 MHz crystal clock provides necessary timing

commands for the MPU.

Analog to Digital Converter. The ADC 816 converter is used

to convert the analog voltage sensor output to a digital, 8-bit

binary representation. Functionally, the A/D converter is shown

in Finure 11.
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Figure 11. Analog to Digital Converter (Ref 12:1-184)

The 816 can convert up to 16 different inputs (Ref 12). This

system uses three inputs; therefore, two address lines must be

provided by themPU. Lines P2-6 and P2-7 are allocated for this

purpose. These lines will bc soft~,are controlled to select a

channel for conversion. After the .,ddress lines are set, the M*PU's

line P2-1 (P4-1 from the expander) is used to latch the address

and to start A/P onversion.

The 816 uses a successive approximaition method which produces

an error of less than one half of the least significant bit value

(Ref 12). Upcan completion of the conversion, an end of conversion

line is available from the 816. This line is not used in order to

save MPU assets and to minimize chip count. Instead, a software
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delay is used and is adjusted for the longest possible A/D conversion

tim.e (eight clock periods) (Ref 12). When conversion is complete,

the digital data is latched in the A/D output buffer. The actual

software delay for A/D conversion is set for over 20 clock periods

and is much greater than the A/D's 8 clock period requirement. This

delay is used to assure A/fI conversion is complete and to slow the

main program's rate of execution. Therefore, the delay prevents the

motor from overspeeding. This data is then read by the MIPU under

software control.

Digital _Displa\_s. The digital displays are also controlled by

the MIPU. Two sets of information are displayed, the desired oxygen

concentration, and the actual oxygen concentration. This information

is output fro'a port 1 of the MPU to tv'o scts of light emitting diodes

(LED's). Each display contains 2 LED decimal digits so values from

00 to 99 can be displayed. Data is sent via software control to a

binary coded decimal (BCD) converter which uses three 74185 chips.

Since the digital displays use the same MPU lines as the A/D

converter, a 74126 bus gate has been added as shown in Figure 12.

The MPU controls data flow in port 1 by using line 4-0. Settinb

P4-0 high allows data to flow from the A/D to the MPU. Setting

P4-0 low blocks the path from the riIPU to the A/L) and enables the

BCD converter. Data from the tIPU is sent to both sets of LED's.

Lines P4-2 and P4-3 are used to latch the appropriate LED display.

When P4-2 is low, the desired oxygen concentration display is enabled.

When P4-3 is low, the actual oxygen concentration display is enabled.
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Limit Switches. As previously mentioned, limit switches

have been provided to indicate when the purge orifice valve is

fully open or closed. These switches are mechanically set according

to the valve's limit of travel. The switches are connected to the

MPU's two test inputs (TO and TI) as shown in Figure 13.

Limit switches provide the following functions. At power-on

reset, the motor is driven to the fully open position which is

determined by the open limit switch. The MPU is prograncied to test

for a 5 V signal at input TO for a fully open position indication.

The closed limit switch works in a similar manner. The upper half

of the limit switches provide a mechanical back-up to keep the
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Figure 13. Limit Switches

motor from driving the valve past its mechanical limit. This

prevents Onjo,-e in the event of a failure of the MPU, A/D converter,

or system ser.sors. These switches raechanically reverse the rotation

polarity to prevent the motor from driving past preset stops.

The rotation switch is routed through the emergency switch.

With the emergency switch in its normally off position, the rotation

line passes through the emergency switch and is unaffected.

An earlier version of the limit switches, similar to the circuit

of Figure 13, had the "T" line routed through the switches. This

system allowed "T" to pass through the switches unless d limit was

encountered. While this system was less complex, it required a

manual repositioning of the limit switch, so future "T" inputs

could increiient the motor. This undesirable feature was eliminated

with the circuit of Figure 13.
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Figure 14. Emergency Switcf. System

Eme~riencx Swiitch. The emergency switch allows the crew member

to select maXiILum oxygcn concentration when flight conditions

warrant. Under norwal operation, any chianes in required oxygen

concentrations will be controlled by the system. However, in the

event of system malfunction, the emergency switch can be used as a

bdck-up. The switch bypasses the fI'U, memory, and A/D converter.

Only the motor, IC driver, transistor interface, limit switches,

and emncrgcncy Switch nced to be intact for successful emergency

switch operation.

The emergcncy switch system is shown in Figure 14. When the

emergency switch is turned on, the followirr, sequcnL,• of events
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occurs. Power i s applied to the AND g9 i )d clock The clock

is a voltage controlled oscillator set bI in external capacitor to

oscillate near the motor's maximum run rate. Therefore, the clock

drives the T transistor and irn turn, the IC driver. Direction of

rotation is also set by the emergency switch and drives the motor

to the closed position. As the closed limit switch is set, the

AN, gate prevents clock pulses from triggering the T transistor.

At this time, the stepper motor's holding torque can hold the valve

in the closed positioi. until the emergency switch is turned off.

Normal system operation resumes ,f the emergency switch is turned

off.

This completes a discussion of major system hardware components.

With the hardware circuits and control paths established, the fMIU

could be programmed. Before the software is discussed, a review

of the control lines is presented to assist the reader in under-

standing the software.

Control lines and Data Paths

With the hardware basics presented, the next element in the

design is the software. One important function of software is to

issue control signals at proper times to various system components.

Therefore, to assist the user in comprehending the software, the

circuit of Figure 15 is presented.

Figure 15 indicates data paths arid control paths of the entire

system. Also, labels indicate which MPU 1/0 lines are used to

control various system components.
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Figure 15. Control lii•rz and Data Paths.
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Various circuits were constructed before the final prototype

of Figure 15 was completed. Earlier versions were more complex

and required more than the eight available control lines of port 2.

This earlier system used 74125 and 74126 bus gates to multiplex

control lines. A single line enables the bus gates which can direct

up to four control lines to one of two different sets of destinations.

This method was successful, but was not required in the final

prototype control system. However, if future modifications (Chapter

V) require additional control lines, a bus gate system could be

incorporated.

Softwa re

As previously discussed, the OBOGS's control system uses

hardware or software as appropriate to accomplish individual system

requirerlents. The software is a collection of instructions which

allows the MPU to read data from sensors, interpret that data, and

to issue control signals to drive the stepper motor. The instructions

used for the 8035 are in assembly language form. Since assembly

language is rather lengthy and tedious, the listing will be reserved

for the Appendix. It is more meaningful to discuss the software

flowchart in this section. However, as the flowchart is discussed,

references to assembly language addresses are included so the reader

may correlate the source code to the software flowchart.

The system flowchart is presented in Figure 16 and shows only

main events. To assist the reader in following the software

( di.ssicmn, an altitude schedule is also presented. The altitude
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schedule in Figure 17 contains a table which correlates register

nuirber and initial register value to tile partitioned oxygen segments.

Discussion of the flowchart will be organized by the major flowchart

blocks. The reader may wish to review the concept of system control

as explained in Chapter I before proceeding.

Block 1. The initializing routine occupies addresses 00016

to 03316 of the system program. This routine is automatically*

entered with power-on reset. The first function of this routine is

to set the programmable I/O expander. Accordingly, port 4 is set

up as an output port (steps 00016-00216). Next, the digital

displays are latched to prevent unwanted data from being displayed.

This is accomplished by placing a high level on lines P4-3 and P4-2.

The motor is then driven to the fully open position. A series

of R=O, T=l and R=O, T=O will increment the motor to the fully open

position. These cornands are issued and a software delay is then

executed to limit the motor increment rate. This delay is necessary

because the M4PU issues commands faster than the motor can respond.

The motor is incremented until the open limit switch is activated

(steps 00616 to 01816). The MPU register which is used to keep

track of 1 of 256 possible motor positions (register R7) is then

set to 255 (FF 16 ). This value corresponds to the fully open motor

position.

Segmented table values are then loaded with initial values

(steps OlEl 6 to 02F 1 6 ). The altitude schedule is divided into

5 percent segments. Each segnment has a corresponding reserved
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register (registers 816 to 1716) in the MPU. This routine initializes

these registers with the values shown in Figure 17. Upon termination

of this sequence, register 0816 contains 0016) register 0916 contains

10161 register OA16 contains 2016, and so on.

A later part of the program tests to determine whether the

altitude register number has changed. Therefore, the initial register

number is set to 00 (steps 0016 to 03316). This ensures that test

number two is passed the first time it is encountered after initialization.

Block 2. This block (addresses 03416 to OEFI 6 ) begins with a

routine that reads the delay potentiometer. Thif is initiated by

selecting the A/D delay channel. Next, the A/D converter is given a

command to start conversion (steps 037,6 to 03C1 6 ). Then, a software

delay has been included (steps 03D 1 6 to 04116) which allows the A/D

to complete the successive approximation conversion. In order to save

MPU 1/0 lines, a software delay is used in lieu of using the A/D

end of conversion signal. Finally, the digital representation of the

delay potentiometer value is read into the MPU via port 1. This

value is used to form a software delay.

The software delay (address 04816 to 05416) uses a triple nested

loop in which the value from the delay potentiometer is repeatedly

decremented. The purpose of this loop is to delay the MPU by a

variable time span as determined by the delay potentiometer. The

delay potentiometer is used to compensate fur a variable system

response time. Delay times from microseconds to over three minutes

are possible with this method.
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If the delay potentiometer is adjusted to the minimum setting, the

delay loop provides minimal delay. In this case, the program could

issue motor increment commands at a rate which exceeds the motor's

maximum run rate. Therefore, another delay is needed to keep from

overspeeding the motor. This delay was added to the delay time for

the A/D delay channel conversion. Consequently, the delay constant

is longer in the delay channel conversion than in other A/D delay

routines.

The next routine of Block 2 is one which tests the limit switches

(05516 to 05F1 6 ). In case the motor is driven to the stops, this

routine is added to reset the motor position counter. Therefore,

each oF the MPU's testable inputs (which are connected to the limit

switches) are tested, and the motor position counter is reset to a

high or a low count as appropriate.

At this point, the altitude potentiometer/transducer is read

by the MPU. This routine (06016 to 06F 16 ) is similar to the routine

that was used to read the delay potentiometer except that the A/D

altitude channel is selected in this case. The value of the altitude

potentiometer, which can be 0016 to FF1 6 , is used as an entering

argument for the altitude schedule table. The altitude table look-up

program (07016 to 07416) jumps to the altitude table (20016 to 2FF 1 6 )

and returns to the main program with a value. The pre-programmed

value is used to convert the altitude transducer output to the

corresponding physiological oxygen concentration requirement. This

table is used to account for non-linear sensor responses. The

altitude schedule value is output for visual display to the LED's
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(0516 to 07C 1 6 ). This is accomplished by clearing the altitude

schedule LED latch, oitputting the schedule value, and then resetting

the LED latch.

The oxygen sensor is now read by the W~J. This process is

similar to the altitude sensor process except the appropriate

control lines must be selected. This routine (07D16 to 09F 16 ) also

displays actufl oxygen concentration on the oxygeln LED's and uses

a separate table (30016 to 3FF 16 ) for the oxygen sensor.

lhe next routine of Block 2 is to determine the oxygen schedule

register number. This routine (OAO 1 6 to OBF 1 6 ) stores the last

register number in an MPU storage location and determines the new

register number of operation. These two values will be used in a

later part of thc program. The oxygen schedule register number is

that MPU register number (08,6 to 1716) which corresponds to the

segmented oxygen schedule. For example, if the altitude transducer

is reporting 20,000 feet, the altitude schedule calls for approximately

44 percent oxygen. This falls in the 40 to 45 percent oxygen

segment. The corresponding MPU register for this segment is register

number 1316. A series of subtractions and comparisons is used to

determie register number in this rontine.

The final task of Block 2 is to determine the direction of

stepper motor rotation. This routine (OCO 1 6 to OEF 1 6 ) uses a

subtraction and carry-test method to determine rotation. The actual

oxygen concentration is subtracted from the desired concentration

which influences the carry bit and which produces a magnitude

called oxygen concentration error. Ihe carry bit is used to
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determine clockwise or counterclockwise rotation which is output

to the stepper motor IC driver. The magnitude or oxygen concentra-

tion error is used in the following test.

Test 1. The first software test is used to determine if a

large error between actual and desircd oxygen concentrdtion exists.

The purpose of this test is to reduce control system response time

if large errors exist. For example, if a rapid decompression occurs,

a large difference between actual and desired concentration will

arise. The system cannot b- allowed to act routinely by incrementing

the stepper motor, delaying for the OBOGS's response time (possibly

ten seconds), reading sensors, incrementing again, and so on, until

the system is producing sufficient oxygen concentrations. This

could easily exceed the aircrew's time of useful consciousness.

Therefore, alternate procedures are used if large oxygen errors exist.

Test 1 (OFO 16 to OFF 16 ) determines if the difference between

actual and desired concentration is less than 6 percent. For small

errors, less than 6 percent, the motor will be incremented and the

software will jump to the delay routine. The entire process is

repeated until the actual and desired concentrations are equal.

Incremental stepping of the motor occurs in Block 3. For large

errors, additional computations are made in Test 2 which is discussed

later.

Block 3. As previously mentioned, Block 3 (10016 to 12516)

is used to increment the motor if small errors exist between actual

and desired oxygen concentration. The stepper motor is incremented
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by putting a high volta c level on line P2-4 which is connected to

the trigger input of the motor driver. The trigger input is then

removed for future increments. Each time the motor is incremented,

the motor position counter is also updated. Software will increment

or decrement the motor position counter depending L:pon the direction

of motor rotation (10716 to 11116). In this manner, the motor

position counter is updated arid can track one of 256 possible motor

positions. With a 7.5 degree-per-increment stepper motor (48 steps

per revolution), 256 positions can account for 5.33 turns. A 15

degree-per-step motor can therefore track 10.67 turns. The motor

position counter will be used in a later part of this program.

The last function of Block 3 is called an update feature. This

feature (11A 1 6 to 12516) first determines if the oxygen concentration

error is zero. If the error is not zero, a software jump causes

control to be resumed at Block 2. If the actual oxygen concentration

equals the desired concentration, an update occurs. The update

places the motor position count in the segmented register corresponding

to the current segment of operation. This feature updates the

initialized scgment value or last segment value with the most current

value. A later part of the program will cause the motor to jump to

the segment position. The update feature allows that jump to be ac

accurate as possible. The initial value is impossible to calculate

due to the dynamics of flight and variable rates of oxygen consumption.

Therefore, the update method was devised to keep the OGOGS operating

within acceptable limits.
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The remainder of this program is necessary to account for slow

response tinics of thi 050GS and/or oxygen sensor. Several pieces

of information have already been calculated for use at this time.

The register number of the current and previous points of oxygen

schedule operition hnve been determined, and the update feature

has been incorporated. This information will be used starting with

Test 2.

Test 2. The last portion of this program compensates for slow

system response by rapidly driving the motor to a predicted position.

This method is used if the incremental step method of Block 3 is

expected to be too time consuming. A figure of five system response

time periods has been chosen as the cutoff for incremental stepper

motor corrections. If six or more time periods are required, Test 1

diverts progrzm execution to Test 2 and Block 3 is bypassed.

At this time, it is desired to drive the m ir at a rapid rate

to a segmented position. However, aniother consideration must be

included at this point. If the motor has just driven to a new segment

position, and the error between desired and actual concentration is

still large, an alternate path must be included. This situation

could occur if the initialized segment values are in error by more

than 5 percent or if the oxygen sensor response time is aperiodic.

The oxygen sensor may have an oscillatory response if rapid fluctua-

tions in oxygen concentration occur. Therefore, two control paths

emanate from Tcst 2.

First, Test 2 determines if the segment/register number has

( changed betwqecn the current point of operation on the altiLude
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schedule and the previous point of operation (126 1 6 -12F 1 6 ). A

change in register numbers indicates that the current oxygen segment

is not the same as the segment determined by the last loop through

the program. In this event, driving the motor to a new segment is

appropriate as the oxygen schedule calls for operation in a new

segment. Therefore, control is resumed with Block 4. Otherwise, a

software jump causes execution to skip to Block 5.

Block 4. Software of Block 4 is written to drive the motor at a

rapid rate to a ne;o segment position. This block compensates for long

OBOGS's response times as discussed under Test 2. The motor is

incremented in this section (13016 to 1596) until it has arrived at

the new segment. Direction of rotation and the segment of operation

was previously determined by Block 2. The motor is stepped to its

new segmented position which is determined by comparing the motor

position count witi: the segment value. The motor is incremented until

the motor position Count equals the segmcnt value. Each time the

motor is incrememnted, the motor position count is adjusted (13A 1 6 to

142 16) in a manner similar to Block 3. Since a software loop can

increment the wotor too rapidly, another delay loop is included

(14816 to 15016). This loop hat a delay constant which has been

adjusted for maximum motor speed. When the motor reaches the new

segmented position, a software jump causes execution to resume at

Block 2, and the entire process is repeated.

Block 5. This final block is used as a default route and is

provided to account for inaccurate segment initialization or for

possible erratic oxygen sensor readings as discussed under Test 2.
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Operation in this routine will not occur after preflight of the

ODOGS if a reliable oxygen sensor is deionstrated. Nevertheless,

this block shauid be included to keep the system from entering a

repetitive, nonproductive loop. Without this block, it would be

pos,.ihle to loop through Block 2, Test 1, Test 2, and Block 4 on

a repetitive basis. In that event, a stalemate would occur until

"lie oxygen sensor or cabin altitude changed by more than 6 percent.

When Block 5 is entered, the following conditions have occurred.

An oxygcn error of greater than 6 percent has beeni detected, and

the motor could have been driven to a new segment. However, the

motor cannot be driven to another new segment because the oxygen

schedule still calls for operation in the seme segment. The

remaining alternative is to increment the motor in the direction as

determined by Block 2. If a repetitive loop consisting of Block 2,

Test 1, Test 2, and Block 5 occurs, eventually the register/segment

number will change or the o;ygen sensor will recover and the oxygen

error will bezome less than 6 percent. Normal operation will resume

at this time.

One other Jtem is included in this block. It is possiblu

that Block 5 was entered due to a large error in the segment value.

To prevent this from recurring, the segment value is unconditionally

jpd'Tted whenever Block 5 is entereJ. A software loop jumps back

to Block 2 at this pcint.

This concludes the functional description of the control system's

hardware and software. Detailed circuit diagrams are contained in

the Appendix, as well as a complete plrogram listing. Chapter, IV
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will present a discussion of the prototype and will discuss its

performance.
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IV. RoP.ults and Performance

This chapter describes the progress that has been made in

constructing the OBOGS's control system. The next chapter will

explain features that were not included in this initial design.

Additionally, this chapter discusses system performance.

Results

A stdnd-alone control system was completed for this thesis

proj ect. The initial version of the system was built using an

8048 Control Coniput2r with RAM. After this system was debugged,

software was stored in [PROM. The EPROM version is a stand-alone

controller requiring no peripheral support equipment with the

exception of a pow*er supply. This version also contains the decimal

LED displays and the emergency switch. To adequately evaluate

the system, a support bracket was fabricated. This bracket contains

mounts for tihe stepper motor and mechanically adjustable limit

switches. The support bracket can be mounted directly to the OBOGS's

purge orifice valve. The system was constructed on a prototype

board using universal sockets as requested by the SAM (Ref 4).

When an oxygen sensor is acquired and tested, a flyable version can

be constructed. After the prototype system was constructed, an

evaluation of system perfnrnmance was made.

Perf orinance

Both hardware and software must be evaluated for dependability

and functional p..:rforimance. The hardware dependability for this
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system is as reliable as possible with commercial grade components.

Hardware componcnts consist of IC chips, switches and a stepper

motor. IC chip technology has extended chip lifetime to a point

where environmental factors are more likely to cause chip failure

than intrinsic failure modes within the IC. The switches in this

system are not toggled very often in an operational environment.

Therefore, switch lifetime is not an area of major concern. Stepper

motor lifetime is longer than that of conventional motors because heat

buildup is 50 percent less in stepper motors (Ref 1). Consequently,

hardware failure is expected to be minimized because the most

reliable types of conbnercially available components were used in

this system. However, a final design must be hardened against

temperature extrer.!s, suirily voltage variations, and other aspects

of aircraft environment.

The next topic of concern for system evaluation is performance.

In this case, performance will be a measure of whether or not the

system functions according to the system's specifications. Individual

hardware components were separately evaluated and found to function

according to the manufacturer's specifications. As software routines

were developed, they were inuividually tested and functioned

satisfactorily. After the system was completely constructed, the

overall system was analyzed for performance.

Overall performance is best evaluated by testing each major

loop of the software flowchart. Ar. the system is tested, the two

potentiomcters were positioned for various input conditions while

the decimal displays and motor response are observed. At turn on,
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tile motor drives until the limit switch is activated. The digital

displays then reflect values according to the potentiometer settings.

At this point, motor response is related to the potentiometer

settings. Each software loop is testable using the following

procedures.

If the potentiometers are set for conditions that give less

than 6 percent error between actual and desired concentrations, the

first loop is entered. In this loop, the motor is incremented CW

or CCW until the actual and desired oxygen concentrations are equal.

Any tiVe the oxygen error exceeds 6 percent, the second or third

loop is entered. If the oxygen error is due to a change in altitude,

the motor is driven by the software of the second loop to the segmented

position. This position is determined by either the initial-zed

position or th- updated position. Therefove, the update feature

is testable.

The third loop is tested by setting the potentiometers for a

6 percent or more oxygen error and allowing the motor to drive to

the new segmented position. If the oxygen potentiometer is not

changed, the motor will increment until the oxygen error is reduced

to zero.

The above tests were conducted several times to evaluate

system performance. Each test was successful. Furthermore, there

are no dead-end software paths that could lead to unfavorable

responses. As the potentiometers were adjusted for various input

conditions, there were no valid conditions which produc,_u oscilla-

tions in the control system. Emergency switch operation can be
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activated at any time without affecting the software. Normal

system operation resumes when the emergency switch is deactivated.

The lack of an oxygen sensor precludes testing in an altitude chamber.

However, this test is required more for the oxygcn sensor than for

the control system, since the software can compensate for nonlinear

sensor response.

Successful results of the above tests indicate that the control

system functions as desired. Every system requirement has been

accomplished. The prototype system is complete with the exception

of a power supply and sensors. Software is complete with the

exception of the look-up tables which can be completed when sensor

characteristics are provided.

Even though the system is complete, there are some optional

features that can be incorporated at a later date. These ideas

are discussed in the next chapter.
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V. Reconiimendation. and Conclusions

This chapter will present ideas for improving the capabilities

of the final control system. A number of options became apparent

during the system design phase which could not easily be included

in the prototype system. Because some of these ideas may enhance the

system's capabilities, they are presented in this document. This

chapter also contains concluding remarks.

Recomimendations

Although the present systen design is complete, several options

are envisioned for the final system. The first option involves the

system sensors as shown in Figure 18. A cockpit selectable altitude

potentiometer could be included for aircrew and maintenance pnrsonnel.

The altitude potentiometer can be adjusted by maintenance personnel

to assist in trouble-shooting possible malfunctions. When used by

aircrews, the potentiometer allows a power on preflight to be

accomplished which verifies the OBOGS's operation and updates

initialized segmented register values with more accurate data. The

potentiometer also gives the aircrew an inflight, manual back-up

for the altitude transducer.

Another feature, as shown in Figure 18, is a back-up oxygen

sensor. The back-up sensor is easily added to the system and could

be included if sensor lifetime is unpredictable. Consideration can

also be given to positioning the secondary sensor at a different

physical location from theprimary sensor. This may assist in
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Figure 18. Optional Systcm with [Dual Sensors

configuring the OBOGS for both single- and multiple-aircrew aircraft.

To provide system built-in test equipment capabilitics, a

push-button switch could be added to the control panel. This could

be connccted to the MPU's interrupt input. When activated, the

software could generate a series of functicns which could test the

digital displays, stepper motor, and other components. This feature

could help determine whether or not the OBCGS is operationally

capable without requiring aircraft engine operation.

Another optional feature is an alert sstemn. An audio and/or

visual alert could be incorporated which could be activated whenever

rapid changes occur in required or actual oxygen concentrations.

The specifics of this test depend upon the oxygen sensor's response.

However, a possible method for determining an alert condition might

be to monitor entry into Test 2 of the software flowchart. Aircrew

54

.~-. _~-- -.- ~.~.



response to an alert signal could include selecting the back-up

oxygen sensor, activating the emergency switch, cycling the power

switch, checkinuj cabin pressurization, and checking for aircraft

structural integrity.

After the system is finalized, several items must be considered

during the packaging phase. The present system, with 16 IC chips,

2 transistors, and 4 LED displays, is mounted on a 6" by 8" circuit

board. The 5 V supply must deliver 1.2 amps and the 12 V supply

must deliver 0.75 amps. Regulation of the 12 V supply is not critical

since the stepper motor and IC driver can operate from 9.5 V to 18 V

(Ref 1). The 5 V power supply must be held within 4.5 V1 to 5.5 V,

due to the operatii1 g limits of the 1,PU (Ref 5:6-19), A/D converter

(Ref 12), and IC support chips (Ref 15). Therefore, if aircraft

power supplies are not regulated within these limits at all times,

a voltage regulator must be added. Temperature limits for the

stepper motor and driver are -40' C to 850 C for storage and -20' C

to 700 C for operation (Ref 1). The motor and driver should be

located in an area where these limits are not exceeded. The most

severe temperature limit for the remaining component is from the

2716 EPROM which has a permissible operating range of -10' C to

800 C (Ref 5:7-17). These limits should not be a problem since the

entire circuit board area is small enough to be mounted in the cockpit.

If an 8048 MPU with on-board memory is used, the required circuit

area can be reduced Lo about 6" by 6", and the temperaturc range

becomes -550 C to 1250 C since the 2716, 8243, and 74174's are not

required.
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A one chip MIPU and memory has additional advantages when

considcring reliability, production costs, and maintenance costs.

Intel's 8048 MPU has a 1 K word by 8 bit on-board ROM which is pin

compatible with the 8035. The present system software is 879 words

long which can fit in the 8048's memory space. Also, an 8748 MPU

with 1 K word by 8 bit EPROM is available. This allows the user to

debug systems with EPROM before committing softv;are to ROM versions.

An on-board memory 1MPU system reduces the chip count by four and

requires only minor software changes. Those changes include deletion

of 8243 programming and changing output com.mands from port 4 to

port 2.

One other possibility exists for further simplifying the system.

Intel makes an 8022 MIPU with on-board memory and a two channel A/D

converter (Ref 5:6-36). The 8022 has a 64 word by 8 bit RAM and 2 K

words by 8 bit of ROM. If the oxygen sensor and OBOGS's response time

prove to be non-varying, this single chip system may be feasible.

If the OBOGS's response time varies depending upon the number of

crew members, perhaps an externally selectable input (set for response

time) could be used and adjusted during preflight. In the event

that more than two A/D channels are required, an analog switch could

be used to multiplex A/D inputs, and a single chip system may still

be realized.

Other features may be possible with this proposed OBOGS control

system. However, the next major task is to acquire and test an actual

oxygen sensor. Successful completion of this phase will justify

efforts required to incorporate the above optional features into the
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system. Eventually, the system can be constructed on a printed

circuit board and inflight testing can proceed.

Conclusions

When this project was undertaken, initial efforts were made to

understand the OBOGS and the requirements for a control system. The

concept of an active system control, using a segmented schedule,

was then forw:•ulated. Hardware components were individually acquired

and tested. System softv.;are was then written to control the system.

Tiis desiygn procedure proved successful after a wo,'king prototype

was completed. The on-board oxygen generator digital control system

meets all requirements as specified by the School of Aerospace

Medicine. As soon as an oxygen sensor is acquired, the system can

be completed arid additional features can be added which will further

enhance the control systein's capabilities.
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SYSTEM SOFTWARE
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I

APPENDIX B

SYSTEM SOFTWARE

ADDRESS OPCODE I NSTRUCHI I ON COMMENTS

Block 1

c. Program Port 4.
000 23 MOV A, # Set P4 on
001 04 0000/0100 8243 expander
002 3A OUT P2, A as an output port.

c. Set Digital Displays.
003 23 NOV A, # Disable LED's so
004 OD 000/1101 unwanted data
005 3C OUT P4, A will not be displayed.

c. Drive Motor to open position.
006 36 JT1 to When open, jump to
007 19 add. 019 next routine.
008 23 -1.0V A, # If not open, set
009 3D 0001/1100 T high and set, R=O

to open motor.
OOA 3A OUT P2, A Output control signals.

c. Delay for Maximum Motor Speed.
OOB B8 MOV RO, # Use a two loop
OOC 06 06-Delay Constant nested decrement
OOD B9 MOV RI, # routine with 06
OOE FF FF-Delay Constant and FF selected
OOF E9 D(RI)JNZ to as delay constants.
010 OF add. OOF Delay keeps from
01 E8 D(RO) JNZ to overspeeding
012 OD add. OOD stepper motor.
013 23 MOV A, # Set T low,

014 AD 1000/1101 select delay channel,
015 3A OUT P2, A leave rotation = 0.
016 27 CLR A Unconditionally,
017 C6 JZ to jump to start
018 06 add. 006 of this routine.

c. Set Motor Position Counter
019 BF MOV R7, # Set MPC
OIA FF 255 to 255.
0113 00 No operation
0iC 00 NOP
OD 00 NOP
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c. Initialize Segqmented Values, Registers 0816 to 171.
OlE BB f."OV PO, #
OlF 00 00 Value of first seg-

mented register #.020 B9 mO0V RIi, #
021 08 08 First register

number in hex.022 BA MOV P2, #
023 10 10 Value of MPC

increment step.024 138 MOV R3, #I
025 10 10 Register count down

value in hex.
026 F8 MOV A, RO These steps put 0016

in register027 Al MOV @ RI, A number 0816, 1016 in
register

028 GA ADD A, R2 number 0916, 2016 in
register029 A8 I.OVP R A number OA1 6 ... and F01 6

02A 19 IN•C PR1 in
02B EB D(R3)JNZ to register number 1716.02C 26 add. 026
02D 00 NOP
02E 00 NOP
02F 00 NOF

c. Initialize Original Register Number.
030 D5 SEL RBI Load RI' with 00 to031 B9 MOV Rl', # ensure register number032 00 00 changes in Test 2 on

first pass033 C5 SEL RBO after initialization.
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Block 2

c. Read Delay Potentiometer.
034 23 mOV A, # Select Delay
035 8D 1000/1101 Channel for
036 3A OUT P2, A A/D converter.

037 23 MOV A, # Set Start and
038 8F 1000/1111 ALE of A/D
039 3C OUT P4, A converter high.

03A 23 MOV A, # Set Start and
03B 8D 1000/1101 ALE of A/D
03C 3C OUT P4, A Converter low.

03D 23 I'O0V A, # Delay for A/D
03E FF FF-delay constant successive
03F 07 DEC A approximation,
040 96 JNZ , to FF used for max
041 3F add. 03F motor speed.

042 09 IN A, Pl Read delay value.
043 17 INC A Increment so delay .
044 AE 140V R6, A Store value in

register 6.
045 00 NOP
047 00 NOP

c. Delay Loop, Time cf delay is proportional to delay pot.

048 A9 MOV Rl, A Move Pot value into
register 1.

049 A8 MOV RO, A Move Pot value into
register 0.

04A FE MOV A, R6 Move Pot value into
accumulator.

04B 07 DEC A Decrement accumulator
until it

04C 96 JNZ, to equals zero.
04D 4B add. 048 First Loop.
04E E8 D(RO)JiZ, to Decrement RO until
04F 4A add. 04A it equals zero. Second

Loop.
050 E9 D(RI)JNZ, to Decrement RI untilit equals
051 4A add. 04A zero. Third Loop.
052 00 NOP
053 00 NOP
054 00 NoP

c. Test Limit Switches and Reset MPC if Appropriate.
055 46 JNTI to Test for closed.If TI equals zero,
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056 59 add. 059 jump to open test.

057 BF MOV R7, # If closed, set
058 00 00 MPC to 00.
059 26 JNTO to Test for open. If

TO equals zero,
05A 5D add. 05D jump to end of this

routine.

05B BF 140V R7, # If open, set
05C FF FF=255 1 0  MPC to 25510.
05D 00 NOP
05E 00 NOP
05[ 00 NOP

c. Read Altitude Sensor, Look-up Required Oxygen Concentration,
Output Value to Displays.

060 23 M0V A, # Select altitude
061 OD 0000/1101 Channel on
062 3A OUT P2, A A/D converter.

063 23 MOV A, # Set Start and
064 oF 0000/111 ALE on A/D
065 3C OUT P4, A high.

066 23 MOV A, W Set Start
067 or) 0000/III and ALE un
068 3C OUT P4, A A/D low.

069 23 MOV A, # Delay
06A 20 20-delay constant for
06B 07 DEC A A/D
06C 96 JNZ, to successive
06D 6B add. 06B approximation.

06E 09 IN A, P1 Read Altitude Sensor,
06F A8 MOV RO, A store in register 0.

070 F8 MOV A, RD Jump to page 2
071 00 NOP to look-up
072 44 JMP, Page 2 altitude schedule
073 FA add. 2FA and return
074 00 NOP to address 074.

075 23 MOV A, # Set LED
076 08 0000/1000 latch to accept
077 3C OUT P4, A a new value.

078 FC MOV A, R4 Output required oxygen
079 39 OUTL P1, A schedule to LED's.

07A 23 MOV A, # Set LED latch to
07B OD 0000/1101 lock-in
07C 3C OUT P4, A above value.
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c. Read Oxygen Sensor, Look-up Actual Oxygen Concentration,
Output Value to Displays.

07D 23 MOV A, f Select oxygen
07E 4D 0100/1101 Channel on
07F 3A OUT P2, A A/D converter.

080 23 MOV A, # Set Start and
081 4F 0100/1111 ALE on AID
082 3C OUT P4, A high.

083 23 MOV A, # Set Start
084 4D 0100/1101 and ALE
085 3C OUT P4, A on A/D low.

086 23 MOV A, # Delay
087 20 20-delay constant for
088 07 DEC A A/D
089 96 NJZ, to successive

08A 88 add. 088 Approximation.

08B 09 IN A, P1 Read oxygen sensor,
08C A9 MOV RI, A store in register 1.

08D F9 MOV A, R1 Jump to page 3
OBE 00 NOP to look-up
08F 64 JMP, Page 3 oxygen value
090 FA add. OFA and return091 00 NOP to address 091.

092 23 MOV A, # Set LED latch
093 44 0100/0100 to accept
094 3C OUT P4, A a new value.

095 FD MOV A, R5 Output actual oxygen
096 39 OUT P1, A schedule to LED's.

097 23 MOV A, # Set LED latch
098 on 0000/1101 to lock-in
099 3C OUT P4, A above value.
09A 00 NOP

06F 00 NOP
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c. Set Previous Segmented Registcr flut,;ber of Operation in RO'
c. and Deteniiie new legjister NuI..cJr of Corresponding
c. Oxygen oc(UIlirnt.
c. RI = RI' -- new reg. no. RO' = last reg. no. R4 = required oxygen
c. concentration

OAO FC M.OV A, R4 Put required oxygen
OA1 D5 SEL RBI concentration in
OA2 AC MOV R4', A register R4'.

OA3 F9 MOV A, RI' Put previuus register
OA4 A8 MOV RO', A number in RO'.

OA5 B9 MOV RI', # Set RI' to 1716 which
OA6 17 17 is the reg. no. of the

bottom segment.
OA7 BE MOV R6', # Set R6' to 26' which is
OA8 ]A IA1 6 =26 1 0  the lower value of the

second segment.
OA9 97 CLR C Clear the carry bit
OAA FE MOV A, R6' and subtract 26%
OAB 37 CPL A from the required
OAC 17 INC A OXYGEN
OAD GC add. A, R4' concentration.

OAE E6 JNC to If carry equals 0, jump
OAF B8 add. OB8 to end of this routine,

other-wi se
OBO C9 DEC Rl' decrement new reg. no.,
OB1 23 MOV A, # and add 0516 which
OB2 05 0516=step value is the step value
OB3 6E ADD A, R6' to register R6' and
OB4 AE MOV R6', A place in R6'.

OB5 27 CLR A Unconditionally jump
OB6 C6 JZ, to to clear
OB7 A9 add. OA9 carry instruction.

OB8 F9 MOV A, Rl ' Place new
0129 C5 SEL ROO register no.
OBA A9 MOV Rl, A in register Rl.
OBB 00 NOP

OBF 00 NOP

c. Calculate and Output Rotation

OCO 97 CLR C Clear carry for futuretest.
oc1 FD MOV A, R5 If R5, which is the actual0C2 C6 JZ to concentration, equals

zero, jump
0C3 [0 add. OEO to address 0[0.
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II

0C4 37 CPL A Subtract actual oxygen0C5 17 INC A concentration from required0C6 6C ADD A, R4 concentration and store0C7 AA MOV R2, A results in R2 for future usc

0C8 FA MOV A, R2 If oxygen error, results0C9 C6 JZ to from above, equals zero,OCA DB add. ODB jump to address ODB.

OCB F6 JC to If carry is set, jumpOCC DB add. 053 to address ODB, else

OCD FA MOV A, R2 invert the magnitudeOCE 37 CPL A or oxygen error, sinceOCF 17 INC A error is negative ifODO AA MOV R2, A this routine is entered.

001 0B MOV R3, 7 Set rotation to 1 toOD2 20 0010/0000 decrease oxygen concentra-
tion.OD3 27 CLR A Unconditionally

OD4 C6 JZ to jump to
OD5 E4 add. OE4 address OE4.003) 00 IMP

ODA 00 NOP
ODB BB V-OV R3, # Set rotation fromODC 00 0000/0000 carry test to increase

direction.ODD 27 CLR A Unconditionally,
ODE C6 JZ to jump to
ODF E4 add. OE4 address OE4.

OEO BB MOV R3, # Entry here is if actualOEI 00 0000/0000 concentration equals zero,
so increase rotation,OE2 FC NOV A, R4 and set oxygen error equal

OE3 AA MOV R2, A to required concentration.
OE4 23 MOV A, # Combine rotation direction
OE5 OD 0000/1101 with LEC control and016 4Q ORL A, R3 output resulItsOE7 AB MDV R3, A to the motorOE8 3A OUT P2, A IC driver and LED's.
OE9 00 NOP

OiF 00 NOP
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Test 1

C. Determine if required nuviher of motor increments is less than 6,%.
OFO 97 CLR C Clear carry bit for future

test.
OFH 23 14OV A, # Subtract 6
OF2 06 0616 from the
OF3 37 CPL A oxygen
OF4 17 INC A errorOF5 6A ADD A, R2 and
OF6 E6 JNC, to if the carry is set,OF7 FA add, OFA jump to address OFA.
OF8 24 JMP, page 1, Jump to
MF9 26 add. 126 address 126.

OFA 24 JMP, page 1 Jump to
OFB 00 add. 100 address 100.
OFC 00 No0[

OFF 00 NOP

(
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Block 3

c. Calculite and Output T, set MIPC.

100 FA MOV A, R2 If the oxygen error
101 C6 JZ to equals zero,
102 12 add. 112 jump to address 112, else

103 23 MOV A, #' combine rotation and
104 ID 0001/1101 LED control with signal to
105 4B ORL A, R,3 increment stepper motor
106 3A OUT P2, A and output signals.

107 FB MOV A, R3 Set I4PC in rotation direction.
108 B2 J Bit 5 to If rotation bit is high,
109 OE add. 101 jump to addreos 101, clse
IOA CF DEC R7 decrcment motor position

counter.
lOB 27 CLR A Unconditionally
1OC C6 JZ to jump to
10D 14 add. 114 address 114.
1OE IF INC R7 Increment motor position

counter.
1OF 27 CLR A Unconditionally
110 C6 JZ to jump to
111 14 add. 114 address 114.

112 FB MOV A, R3 Oxygen error is zero, so do
113 3A OUT P2, A not increment motor.
114 00 NOP
115 00 NOP

119 00 NOP

c. Determine if Update is valid and Update Segment Value.

lIA FA MOV A, R2 If oxygen error is
liB 96 JNZ to not zero, jump to
lIC IF add. lIF address lIF, else update
11D FF MOV A, R7 by placing motor position
liE Al MOV @ RI, A counter in segment reJister
liF 00 NOP of current segment.
120 04 JMP Page 0, Unconditionally jump to
121 34 add. 034 address 034, block 2.
122 00 NOP

125 00 NOP

73

T



Test 2

C. Deterwine if Register Number has chariged.

126 D5 SEL RD 1 Subtract present register
127 F8 `OV A, PO number (segnient of
128 37 CPL A operation) from previous
129 17 INC A register number.
12A 69 ADD A, RI' If result of
12B C5 SEL RBO subtraction is
12C C6 JZ to zero, jump to
12D 5A add. 15A address 15A, else continue.
12E O0 NOP
12F 00 NOP
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Block 4

c, [' rive to- Lu Scq;.-.t P'(,sitioi, it 1.,A(i!ui lte
C. %-;hi le od~ju.,X g thC HI,,+or ¶sitiion Counter.

130 '1 lOV A 0 R1 If the segment
131 37 CPIL A value, RI , equals
13? 17 INC A the motor positon
133 6F ADD A, k7 counter, R7, then
134 Cc JZ to jump to address
1 55 add. 155 155, else continue.

136 23 IfmV A, "' Sct T high and
137 10 061/1101 coii) -... with LED
13; 44 OiL A, R3 and R siynals and
139 3A OUT P2, A output results.

13A FB MV A, R3 addresses 13A to 1,12
13p b2 0 Bit 5 to are the same as
13C 41 add. 141 addresscs 107 to 10E.
13D CF DLC R7 The motor position
13E 27 CLP. A counter is
1 JF CG JZ to increi;ýcrrted or
110 42 add. 142 decrewoented

141 IF I NC R7 accordine to142 00 N'P the rotation.

143 FB 140V A, P3 Set T low for
14.1 3A OUT P2, A fuLiLI i 11I'Cider',ti nfg.

147 00 Nop

c. rolAy ior mnx i',uf l~otor SVc-,d.

143 D5 SEL RDI Use a double
13L IA .Y 12', 1% nested loop

(A C8 08,=,d ,,Iy cons Laint to create a
1LID [.1 0 V .:i , softh.;re delay.
S1tC Fr FF~del, Iv con-s tt Const. :,ts of 03,
14DJ (P3')Lr to and FF are
141 41) add. 14tj decremented until
141: [A U( P2 )J;-,,7 to thev e'qu, ,I zero.
150 41 add. 14b This keeps from
151 CS SEL RGO oversupceding moaitor.

15? 27 CLf. A Unconditionally
1 53 C6 N7 , to juruip to
15 30 add. 1IA addle,,s 130.

1 515 04 Id.', Pa!C 0, Un(ond iti.:m1l ly jump
1 %,r 3A < d. 0J -3"1 to Iddl L'.,s 034, 11 ock 2.
1 117 O0 N011

1 00 NA 7
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Block 5

c. ]ncrcec.fnt Motor , MPC and Unconditionally Update

15A 23 MOV A, # Set T high aAd co!•binE
15b 1D 0001/1101 with LED and Rotation
15C 413 ORL A, R3 signals.
15D 3A OUT P2, A Output results.

15E FG MOV A, R3 Address ISE to
15F 62 J Bit 5, to 166 are the same as 107 to
160 65 add. 166 IOE. The motor position
161 CF DEC R7 counter is incremented
162 27 CLR A or decreor-:nted
163 C6 JZ to according to the
164 66 add. 165 direction of
165 IF JNC R7 rotation as previously
166 00 NOP determined.

167 FB I.OV A, R3 Set T low for
168 3A OUT P2, A future increments.

169 FF I,MOV A, R7 Unconditioolly update
16A Al I.IOV 0 RI, A segmented vflue to HPC.

1 c, 04 RIP P.qe 0, Unconditironally jump
1C C 34 add. 034 to addrcss 034. BlocI 2.

16D 00 hoP

1,r 00 N!
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c. Altitude Schudule Table

200 14 Load values which correspond

201 15 to required oxygen
concentration.

2F9 64

2FA A3 MOVP A @ A Use value of altitude sensor

2F11 AC MOV R4, A output -Is address for

2FC 04 J;2?, Page 0, table look-up. Return to

2FD 74 add. 074 main proliraw with required

2FE 00 NOP oxygen concer:traticn
2FF 00 NOP stored -In register 4.

c. Oxy(,en Look-up Tible

300 00 LoacO values dhich correspond
301 01 to :-ctual oxyg-,n

concentrition.

3r9 641

31A A3 MOV A C A Use value of oxygen

3FB AD MOV RS, A sensor output as an

3FC 01 JMP, Page 0 address for table lock-up.

31D 91 add. 091 Return to main prcgrm

31I1 03 NOP with actual oxygen
conceritrati on

3FF 03 NOP stored in register 5.
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